Relative amounts of each uniquely sized PCR product (>100 bp and >100 peak height) 151
were calculated with area under the curve measurements using Applied Biosystems 152 Peak Scanner software. 153
154
For assessment of deletions, genomic DNA was PCR amplified using primers that 155 flanked the deletion sgRNAs. PCR products were purified (Qiagen, 28104), Sanger 156 sequenced, and compared to the reference genome. 157
158

Analysis of HDR efficiency by next-generation sequencing 159 160
For analysis of HDR efficiency by next-generation DNA sequencing, 50hg of PCR 161 amplicon was converted into blunt ends using T4 DNA polymerase (New England 162 Biolabs, NEB) and E. coli DNA polymerase I Klenow fragment (NEB). Libraries were 163 prepared using the Kapa LTP Library Preparation Kit (Roche). Multiple indexing 164 adapters were ligated to the ends of the DNA fragments. Ligation reaction products 165 were purified by AMPure XP beads (NEB) to remove unligated adapters and quantified 166 using Qubit (Thermo Fisher Scientific) and Bioanalyzer DNA chip (Agilent). Indexed 167 sample libraries were normalized, pooled, and sequenced using the Illumina HiSeq4000 168 sequencer at 2x50 cycles. Reads were aligned to the zebrafish genome (GRCz10) 169 using the Star aligner{Dobin, 2013 #23} and visualized using Integrative Genome 170 Micrographs of whole embryos and larval animals were taken with a Zeiss Discovery V8 175 stereomicroscope (Zeiss) equipped with epifluorescence and appropriate filters. Live 176 imaging of fluorescent larvae was acquired with a Zeiss LSM800 laser scanning 177 confocal microscope (Zeiss). For melanocyte counting, 48hpf embryos were visualizedunder the stereoscope and binned into 4 categories (WT, >101, 51-100, or 0-50 179 melanocytes). Individuals scoring embryos were blinded to the experimental conditions. 180
181
Hepatocyte ablation 182
HDR injection mixes were made as described above. Approximately 2 hL of mix was 183 injected into the cell of one-cell stage wild-type (Tu) embryos. At 4-6 days post 184 fertilization (dpf), embryos were screened by confocal microscopy for mosaic mScarlet 185 expression localized to the liver, and positive larvae were raised to adulthood. F0 adults 186
were outcrossed with wild-type (TL) fish, and the F1 embryos were screened by confocal 187 microscopy for mScarlet positive livers. Positive larvae were divided and treated with 188 In order to directly compare editing efficiencies generated by synthetic sgRNA versus 213
IVT sgRNA), we targeted tyrosinase (tyr), a gene required for melanin synthesis. Wild-214 type zebrafish embryos were microinjected at the one-cell stage with recombinant Cas9 215 protein (rCas9) complexed with either synthetic sgRNA (IDT, Alt-RÒ) or with laboratory-216 synthesized IVT sgRNA. Embryos were scored for melanocyte number at 48 hours post 217 fertilization (hpf) and divided into phenotypic categories representing the degree of gene 218 editing ( Figure 1A ). We find that the synthetic sgRNA leads to a significantly increased 219 fraction of embryos with fewer melanocytes than the IVT sgRNA ( Figure 1B ). Higher 220 doses of synthetic sgRNA produce an increase in the fraction of phenotypically edited 221 embryos. Only synthetic sgRNAs were capable of producing large numbers of embryos 222 with high phenotype. In order to characterize the molecular alterations of synthetic 223 sgRNA injected embryos, we performed a clonal analysis. We find that 10/10 clones 224 from a synthetic sgRNA injected high-phenotype embryo contain indels, as compared 225 with 7/10 clones from an IVT sgRNA injected high-phenotype embryo; we also observe 226 significant differences in the indel spectrum ( Figure 1C ). We found comparable 227 differences between synthetic and IVT sgRNAs at two additional loci, slc24a5 and 228 slc45a2 (Supplementary Figure 1) . Injection of synthetic sgRNAs leads to highly 229 penetrant phenotypes in F0 larvae that develop into adults that phenocopy established 230 germline mutants{Sheets, 2007 #26} (Supplementary Figure 2) . We find that pairs of 231 synthetic sgRNAs are able to induce deletions spanning up to 124kB in genomic DNA 232
and that the efficiency of generating deletions varies with size ( Supplementary Figure  233 3). Taken together, these data indicate that combined use of rCas9 protein with 234 synthetic sgRNAs leads to penetrant phenotypes and a broad spectrum of gene-specific 235
edits. 236
To assess the extent of germline transmission of edited alleles, we applied CRISPR-238 
254
To develop a quantitative assay for optimizing HDR in zebrafish, we sought to target a 255 locus that could provide phenotypic and molecular data on allele conversion. We initially 256 examined the widely used mitfa(w2) mutant, which lacks melanocytes{Lister, 1999 #27}. 257
Unexpectedly, injection of rCas9 complexed with a synthetic sgRNA targeting the 258 mutation site in w2 resulted in restoration of pigmented melanocytes (Supplementary 259 Figure 5 ). We presume that indels caused by targeting the mitfa(w2) mutation site 260 (Q113Stop) lead to in-frame deletions and restore protein function since this region of 261 the protein is relatively unstructured. We next examined the mitfa(b692) mutant, which 262 lacks melanocytes and harbors a mutation leading to a Ile215Ser substitution{Lister, 263 2001 #28}. We find that a synthetic sgRNA targeting the mitfa(b692) mutation site does 264 not restore pigmented melanocytes (Supplementary Figure 5) . Therefore, we used 265 mitfa(b692) to develop a quantitative phenotypic and molecular assay for optimizing 266
HDR. 267
Using the b692-HDR assay we examined a range of synthetic templates to optimize 269 HDR efficiency. mitfa(b692) embryos were microinjected with rCas9, synthetic sgRNA, 270 and synthetic DNA templates designed to restore the wild-type mitfa sequence and 271 gene function. Microinjected embryos were scored at 48hpf for phenotypic evidence of 272 melanocytes, indicative of allele conversion and mitfa function ( Figure 2A ). Melanocytes 273
were not identified in uninjected embryos or in embryos injected with non-targeting 274 sgRNA. HDR templates were designed to feature multiple barcoded nucleotides and 275 mutated sgRNA recognition sequence, enabling unambiguous detection by sequencing 276
and prevention of re-cleavage by rCas9. We found that a 951bp, double-stranded linear 277 DNA template with an asymmetric sgRNA site located at the 3' end leads to a 278 reproducible 9% rate of phenotypic rescue in mitfa(b692) embryos ( Figure 2B ). 279
Melanocyte-positive embryos were subject to allele-specific PCR and Sanger 280
sequencing to confirm precise HDR ( Figure 2C-D) . 281
282
We examined DNA templates that differ in length, single vs. double stranded DNA, 283 linear vs. circular templates, and the symmetry of the sgRNA position within the 284 template ( Figure 2E ). We find that both longer (2kB) and shorter (318bp, 76bp) DNA 285 templates led to a decrease in HDR efficiency. Asymmetric positioning of sgRNA sites 286 led to higher efficiency than symmetric positioning. We tested an IVT sgRNA in 287 combination with rCas9 and the optimal 951bp linear dsDNA template and found no 288 appreciable HDR. Our data indicates that HDR efficiency is maximal with dsDNA 289 templates and synthetic sgRNA and that HDR is sensitive to template length and 290 sgRNA site symmetry within the HDR template. 291
292
Using the b692 assay we examined multiple reagents and conditions reported to 293 improve HDR efficiency in other model systems ( Figure 2E ). The addition of a second 294 sgRNA site in the optimal 951bp template reduced HDR efficiency to < 1%. We cloned 295 the 951bp template into a TopoTA plasmid vector and microinjected a circular plasmid 296 into zebrafish. This plasmid-based template also failed to lead to measurable HDR in 297 Using the b692-HDR assay we sought to measure the molecular efficiency of genome 311 editing and correlate DNA template integration with melanocyte number. To this end, we 312 performed single-cell injections in a large cohort of b692 embryos using the optimized 313 reagents described: rCas9, synthetic b692 sgRNA, and 951bp linear dsDNA template. 314
Embryos were scored for the presence of melanocytes at 48hpf and binned by 315 phenotype into four categories: high-, medium-, low-, and no-editing. Uninjected 316 embryos were included as a negative control. Genomic DNA was extracted from pools 317 of five embryos in each category, and exon 7 was amplified by PCR. Amplicons from 318 each group were subjected to next-generation sequencing. We find that that the 319 efficiency of genome editing as determined by next-generation sequencing correlates 320 with phenotype in b692 edited embryos. In high-rescued embryos, we find that 17% of 321 reads (106428 edited/641281 total) harbor an edited codon restoring Ser215 to Ile, 322 consistent with template integration. Analysis of aligned reads at exon 7 reveals the 323 uniform presence of barcoded nucleotides from the HDR template across the sgRNA 324 target site ( Figure 3A ). Phenotypic rescue in medium and low categories revealed 325 molecular efficiency of approximately 3% (14810/575344 and 17566/622068 reads, 326 respectively). Injected embryos with no phenotypic evidence of HDR had molecularefficiency of <0.3%. Alignment of reads demonstrates a mutually exclusive pattern of 328 either HDR with template integration or indels at the sgRNA site ( Figure 3A ), consistent 329 with highly efficient dsDNA cleavage. We analyzed the molecular efficiency across all 330 phenotypes and plotted the fraction of reads harboring barcoded nucleotides from the 331 HDR template (Figure 3B-E) . These data confirm the sensitivity of the b692-HDR assay 332 to read out the molecular efficiency of HDR in vivo. 333
334
Genome editing using synthetic reagents leads to efficient fluorophore knock-in 335 and germline transmission 336
337
To determine the feasibility of using synthetic reagents to knock-in a fluorophore by 338 HDR, we targeted tyrp1b, a melanocyte-specific gene. Using albino embryos 339
(pigmentless due to a null mutation in slc45a2) we performed microinjection of rCas9 340 with a synthetic sgRNA and a synthetic linear dsDNA template designed to knock EGFP 341 in frame with the terminal tyrp1b exon ( Figure 4A ). We identified 7/153 (5%) embryos 342 To expand the applications of genome editing using synthetic DNA templates, we 365 targeted the liver-specific gene fabp10a using a linear dsDNA template that knocks in 366 mScarlet and bacterial nitroreductase (ntr) to facilitate hepatocyte ablation studies 367
( Figure 5A ). The zebrafish liver is capable of regeneration after injury {Cox, 2015 #40}, 368
and expression of ntr has been used in combination with metronidazole (Mtz) to cause 369 cellular injury {Curado, 2008 #41}. We injected embryos with rCas9, sgRNA targeting 370 fabp10a, and the HDR template and raised mScarlet+ F0 embryos to adulthood. Of 371 adult fish that mated, 2/8 (25%) produced mScarlet+ F1 embryos. We characterized the 372 recovered fabp10a allele in F1 animals using allele-specific PCR and confirmed 373 integration of the template in mScarlet+ embryos ( Figure 5B ). Molecular analysis 374 indicated that the 5' end of the HDR template resulted in an in-frame fusion between 375 exon 4 and mScarlet. At the 3' end of the recovered allele, we identified a fragment of 376 exon 4 distal to the sgRNA recognition sequence, likely resulting from ligation to the 377 template. We treated transgenic F1 embryos with Mtz to examine whether an fab10a-ntr 378 fusion was functional and could leave to liver-specific cytotoxicity. Exposing fabp10a-379 mScarlet-NTR larvae to Mtz from 96-120 hpf resulted in a dramatic reduction in the 380 mScarlet fluorescent signal, signifying hepatocyte ablation without obvious damage to 381 other tissues ( Figure 5C,D) . Remnants of the ablated hepatocytes were observed 382 circulating in the vasculature. After a recovery period of 48 hours in the absence of Mtz, 383 mScarlet signal was observed in the liver of the Mtz-treated larvae, consistent with liver 384 regeneration ( Figure 5E,F) . 385
386
DISCUSSION 387
Here we describe the development and application of genome editing in zebrafish using 389
synthetic reagents. We demonstrate that the combined use of synthetic sgRNAs with 390 rCas9 protein leads to highly efficient indels. The improved efficiency of commercial 391 sgRNAs may result from chemical modifications that protect sgRNAs from degradation. 392
In order to optimize the efficiency of homology-directed repair we developed a genetic 393 assay using mitfa(b692) mutant zebrafish. Our data demonstrate that the b692-HDR 394 assay permits correlation between phenotype and HDR allele conversion (genotype). 395
Using this assay, we systematically tested multiple template designs to determine which 396 parameters are optimal for efficient knock-in by HDR. We find that the optimal template 397 is a linear, dsDNA template with an asymmetric sgRNA site. Using these design 398 principles, we knock-in fluorophores at tyrp1b, h3f3a and fabp10a; we achieved 399 germline transmission rates of 14-25% at two loci. At fabp10a the HDR template 400 included an ntr cassette to facilitate lineage ablation studies, and application of 401 metronidazole resulted in hepatocyte ablation in transgenic F1 larvae. These germline 402 transmission rates are among the highest reported for knock-in of gene cassettes in 403 zebrafish, and this is the first report of CRISPR-mediated ntr knock-in and lineage 404
ablation. 405 406
A total synthetic approach has the unique advantage that sgRNA and HDR templates 407 can be designed in silico and commercially manufactured in a short time frame. Design 408 and precision genome editing with a synthetic dsDNA template can be performed within 409 2-3 weeks. The use of synthetic reagents may reduce experimental variability between 410 labs. The use of sgRNAs produced by commercial solid phase synthesis raises the 411 possibility of incorporating degeneracy in the sgRNA sequence to permit a single 412 sgRNA to target multiple related genes. The synthesis of linear dsDNA templates may 413 allow investigators to rapidly test sequence requirements for HDR. We unexpectedly 414 found significant differences in HDR efficiency between templates with minor design 415 differences. These observations suggest that empiric optimization of donor templates 416 may be required to achieve knock-in at some loci. As new recombinant Cas9 proteins 
